A comprehensive theoretical and experimental study of the 13 C and 77 Se nuclear magnetic shieldings and their rovibrational corrections in carbon diselenide ͑CSe 2 ) has been undertaken. The
I. INTRODUCTION
NMR observables conveying information on molecular electronic properties such as nuclear magnetic shielding are thermal averages over the rovibrational motions of the molecule. Because of the averaging, different values of the observables may be obtained for different isotopomers of the molecule, and the values may be temperature dependent. [1] [2] [3] The primary and secondary isotope effects on the nuclear shielding are the changes in the shielding due to isotopic substitutions of the observed and neighboring nuclei, respectively. For example, an increase in the mass of a nucleus X normally results in a shorter average XA bond length, which in most cases leads to higher average shielding ͗ A ͘ of a nucleus A bonded to X. 4, 5 The secondary n-bond isotope shift of an observed nucleus A is the shielding difference
where M and M Ј are the mass numbers of the different isotopes of the neighboring nucleus X ͑the reference isotope M X is normally the lightest isotope that gives a well resolvable resonance signal͒ and ␦ A (
the chemical shift of the nucleus A connected through n bonds to M Ј X ͑defined here as positive to low frequency 6 ͒. In 1967, Batiz-Hernandez and Bernheim 7 published the first review about the experimental isotope shift data summarizing some general observations. More recent reviews have been published by Jameson 1 and Hansen. 2 Ref. 3 contains reviews of more limited scope.
There are several reasons that make carbon diselenide ͑CSe 2 ) a favorable molecule for experimental isotope and temperature shift studies. Selenium has six isotopes with reasonably high natural abundances:
͑9.02%͒, 77 Se ͑7.58%͒, 78 Se ͑23.52%͒, 80 Se ͑49.82%͒, and 82 Se ͑9.19%͒. Furthermore, the 77 Se isotope has spin Iϭ 1 2 and an NMR receptivity of about three times that of 13 C, which enables studies of the isotope and temperature effects both from the carbon and selenium point of view. Finally, the effects of each selenium isotope on both the 77 3 Cl. 14 The agreement between theory and experiment in these works has been semi-quantitative at best. The 77 Se shielding properties have in general been considered to be theoretically challenging. [15] [16] [17] [18] [19] Not only is it necessary to use a theory allowing for electron correlation, but the importance of performing rovibrational corrections has also been pointed out. [17] [18] [19] In the present work, the effects of the various carbon and selenium isotopes and of temperature on the 13 C and 77 Se shielding have been measured and calculated for CSe 2 . Shielding calculations 20 using gauge-including atomic orbitals ͑GIAO͒ ͑Refs. 21, 22͒ have been carried out for CSe 2 with several different first principles theories. We report results for the full shielding tensors at the equilibrium geometry and the derivatives of the shielding constants and anisotropies with respect to the internal displacement coordinates of CSe 2 . Theoretical isotope and temperature shifts have been derived using the shielding derivatives and rovibrational averages of internal displacement coordinates and their products, based on a combination of experimental harmonic and theoretical anharmonic force fields.
II. ISOTOPE AND TEMPERATURE EFFECTS IN A LINEAR XAXЈ-TYPE MOLECULE
In an isotropic environment the NMR observable corresponding to the shielding tensor is the relative value of the shielding constant ͗͘, which is one-third of the average value of the trace of : ͗͘ϭ(͗ xx ͘ϩ͗ yy ͘ϩ͗ zz ͘)/3. The theoretical values e ϭ( xx e ϩ yy e ϩ zz e )/3 calculated at a rigid equilibrium configuration cannot be directly compared to the observed shielding constants as rovibrational averaging has to be considered. 1, 23, 24 In a linear molecule the shielding tensor is completely specified by two parameters, the shielding constant ͗͘ and the anisotropy of the tensor, ͗⌬͘ϭ͗ zz ͘Ϫ 1 2 (͗ xx ͘ ϩ͗ yy ͘), where the z axis coincides with the molecular axis.
Both parameters are averages over the rovibrational motions.
The average value of or ⌬ can be calculated by expanding it as a Taylor series in terms of internal displacement coordinates ⌬R i ͑such as bond stretching and angle bending displacements ⌬rϭrϪr e and ⌬ϭϪ e ) around the equilibrium configuration:
͑2͒
Here R i and R i R j are the first and second derivatives of with respect to ⌬R i and ⌬R j , evaluated at the equilibrium configuration. The first and second order terms form the principal rovibrational contributions to ͗͘ or ͗⌬͘.
In the case of a linear XAXЈ-type molecule such as carbon diselenide ͑X and XЈ denote different isotopes of the same element X͒, there are four internal displacement coordinates. It is customary to use the AX and AXЈ bond stretching coordinates, ⌬r and ⌬rЈ, and the two angles of deviation from a straight line in the xz and yz planes, ⌬ and ⌬Ј ͑taking the z axis to be in the direction of the internuclear axis͒. Previous experience on vibrational averaging effects has indicated that the contributions from the third and higher order terms make altogether only a few percent of the total rovibrational correction.
1 When these terms are neglected, the expression for the shielding constant or anisotropy is ͗͘ϭ e ϩ r ͗⌬r͘ϩ r Ј ͗⌬rЈ͘
͑3͒
All the other first and second order terms vanish by the symmetry of the molecule. Furthermore, in the case of the central atom ͑A͒ r ϭ r Ј and rr ϭ r Ј r Ј . Within the Born-Oppenheimer approximation, the parameters e , R i , R i R j , etc. in Eq. ͑2͒ are mass and temperature independent constants. However, the vibrational and rotational motions of the molecule depend on the nuclear masses and temperature, and thus the average values ͗⌬R i ͘, ͗⌬R i ⌬R j ͘, etc., are not constants. The calculation of these averages is based on the vibrational potential energy function of the molecule. The force field of a linear XAXЈ molecule can be written as
where the harmonic ͑quadratic͒ and cubic anharmonic force constants f rr , f rr Ј , f , f rrr , f rrr Ј and f r are the second and third derivatives of V with respect to the displacement coordinates, taken at the equilibrium configuration. For normal amplitudes of vibration the series in Eq. ͑4͒ converges rapidly, and with the present object of calculating ͗⌬R i ͘ and ͗⌬R i ⌬R j ͘ it is only necessary to retain up to its cubic terms.
The internal displacement coordinates ⌬R i are curvilinear and can be expanded in the rectilinear vibrational normal coordinates Q k as
where the coefficients L i k and L i kl , so-called L tensor elements, are the derivatives of R i with respect to Q k ,Q l , taken at equilibrium. 25 Thus the average values of ⌬R i and
To be consistent with the truncation of the series ͑2͒ after the second order terms, the third and higher order terms in Eqs. ͑6͒ may be neglected. 
where the ϩ and Ϫ signs correspond to the cases ͗⌬r i ͘ rot ϭ͗⌬r͘ rot and ͗⌬r i ͘ rot ϭ͗⌬rЈ͘ rot , respectively. For a symmetric isotopomer (M ϭM Ј), ⑀ϭ0 and Eq. ͑9͒ reduces to the well-known special form
This term is independent of the masses of the atoms, and thus the isotope effects on the centrifugal distortion are due to the second term of Eq. ͑9͒. Consequently the sum ͗⌬r͘ rot ϩ͗⌬rЈ͘ rot is also independent of the masses, as the second terms cancel out in it. Hence it follows that the centrifugal contribution to the shielding constant of the central atom in Eq. ͑3͒, r A ͓͗⌬r͘ rot ϩ͗⌬rЈ͘ rot ͔, is isotope independent. The centrifugal distortion therefore does not contribute to the isotope effect on the shielding of 13 C in CSe 2 ͑but it contributes to the 77 Se isotope effect͒. To simplify the notation in the rest of the present paper, and ⌬ are used to denote the rovibrationally averaged values, ͗͘ and ͗⌬͘, omitting the angular brackets ͗͘.
III. FIRST PRINCIPLES CALCULATIONS
The derivatives necessary in the calculation of theoretical isotope and temperature shifts can be obtained from first principles calculations of the nuclear magnetic shielding tensors. Traditional coupled Hartree-Fock ͑CHF͒ nuclear shielding calculations 30 of polyatomic molecules have been plagued by the necessity to use very large atomic orbital ͑AO͒ basis sets in order to remove the dependence of the results on the choice of the origin of the magnetic vector potential. Approaches using gauge origins distributed at different parts of the molecule 22, 28, 29 enable calculations on large systems and/or systems containing relatively heavy elements. In the GIAO ͑Refs. 21, 22͒ method the gauge origins are located at each basis set expansion center ͑nucleus͒. The GIAO approach ensures gauge independence of the results and is easily applicable to any approximate wave function. 31 Modern computational techniques have enabled several efficient GIAO implementations both for Hartree-Fock ͑HF͒ ͑Ref. 32͒ and various correlated methods: the multiconfiguration Hartree-Fock theory ͑MCHF͒, 33 many-body perturbation theory ͑MPn), 34, 35 and coupled-cluster theories. 36, 37 The GIAO method for shielding calculations has also been presented for density-functional theory ͑DFT͒ ͑Ref. 38͒ in Refs. 39, 40 and 41 and has been implemented in the GAUSSIAN 94 program system. 42, 43 In this work, first principles GIAO calculations of the magnetic shielding tensor of CSe 2 were carried out with HF, MCHF, and three different DFT methods: local density approximation ͑LDA͒ and two gradient corrected exchangecorrelation functionals. We used the LDA parametrization of Vosko et al. 44 The first gradient corrected functional is provided by the combination of the exchange functional by Becke 45 and the correlation functional by Lee et al.; 46 the resulting exchange-correlation is denoted BLYP. The other is BPW91 where the Becke exchange is combined with the correlation functional by Perdew and Wang. 47 In this work we have chosen the active molecular orbital ͑MO͒ spaces of the MCHF calculations according to the natural orbital occupation numbers ͑eigenvalues of the single-particle density matrix͒ calculated from the second order many-body perturbation theory ͑MP2͒ wave function. The active spaces are specified in Table I . Complete active space ͑CAS͒ calculations are best suited for treating static correlation effects arising from the near-degeneracies between the SDs in the ground state. The present restricted active space ͑RAS͒ computations use a single determinant as the reference state, subjected to single and double excitations. This approach gives an estimate of dynamical correlation, albeit the determinantal expansion is too short to expect quantitative description of dynamical electron correlation effects.
All the MCHF calculations were performed with the DALTON program package, 50 and all DFT calculations with GAUSSIAN 94. 42 The HF work was divided among the two codes.
Even though the basis set convergence of the shielding tensors has been found to be faster in GIAO calculations than in the other distributed gauge origin methods, 32, 33 the requirements on the quality of the basis set are still comparatively high. 16 Details about the basis set used in the present work are given in Table II . To examine basis set convergence, we also performed a test calculation using a larger basis for Se. 55 We used the experimental equilibrium structure ͕r e ͖ of Ref. 56 where the CϭSe bond length is 1.692 Å. The shielding tensors were computed at ͕r e ͖ and several additional geometries obtained by changing the values of the internal displacement coordinates. The derivatives of the parameters with respect to the displacement coordinates were obtained by fitting ͑diagonal stretching and bending derivatives͒ or by using finite difference formulae ͑other derivatives͒. The bond length displacements were chosen in ca. 0.03 Å intervals around ⌬rϭ0. The bending derivatives were evaluated by using 0.06 Å displacements in the bending coordinate Sϭr e ⌬.
To obtain the anharmonic force field parameters, the LDA potential energy hypersurface was fitted to the form of Eq. ͑4͒ around the optimized equilibrium geometry. The same basis set was used as in the shielding calculations.
IV. EXPERIMENT
Carbon diselenide ͑CSe 2 ) was delivered by AlfaVentron ͑Karlsruhe, Germany͒ and used without further purification. The NMR sample was prepared into a 10 mm o.d. tube with C 6 D 6 as the solvent and lock substance and 13 CH 4 ͑1 atm͒ as the 13 C chemical shift reference. The 13 C and 77 Se spectra were recorded at 300 K on a Jeol JNM-GX400 FT NMR spectrometer operating at 100.5 MHz and 76.3 MHz for 13 C and 77 Se, respectively. For 13 C and 77 Se, 100 and 20 pulses ͑2000 pulses for 13 C satellites͒ were accumulated with pulse intervals of 151 and 22 s ͑acquisition times of 131 and 16 s͒, collecting 131 and 65.5 k data points, respectively. The spectral windows of 500 and 2000 Hz were used and the digital resolution of the spectra was 0.01 Hz for 13 C and 0.03 Hz for 77 Se. In order to measure the temperature dependencies of the shieldings and isotope shifts, additional spectra were recorded at several temperatures from 273 K to 309 K. As the temperature effects on the isotope shifts in the 13 C spectra are extremely small, the frequencies of the lines were determined very accurately by subjecting the envelopes of the 13 C spectra to line shape analyses 57 using Lorentzian model functions. 
V. RESULTS FROM THE FIRST PRINCIPLES CALCULATIONS

A. Shielding at the equilibrium geometry
The results of the GIAO shielding calculations for 13 C and 77 Se in CSe 2 are shown in Table III along with a collection of results reported in the literature. The deviation of the HF values for e C from the experimental results is over 100 ppm, indicating that there is a large correlation contribution in this molecule. This finding is anticipated in molecules containing atoms with lone pairs and/or having multiply bonded atoms ͑see Ref. 24 17 neglect of relativistic effects due to the neighboring Se atoms 65 ͑see below͒ and possibly also solvent effect.
The DFT methods give mutually consistent results which are in between the RAS and CAS values. The anisotropies ⌬ e C are in every case within the error limits of the experimental result. The use of BLYP does not offer any improvement as compared to the LDA. BPW91, however, appears to be superior to the other two functionals.
A comparison of the calculated and experimental absolute Se shielding constants is complicated by the sensitivity of Se to environmental effects. 15, 16, 60, [66] [67] [68] [69] The HF values for ⌬ e Se both here and in Ref. 16 are in agreement with the experimental result. This appears fortuitous due to the fact that the present MCHF calculations bring the calculated value outside these limits. For both C and Se, electron correlation is found to increase the isotropic shielding and decrease the shielding anisotropy. Our CAS calculation reproduces the GIAO MP2 results for e Se and ⌬ e Se by Bühl et al. 16 However, recent GIAO CCSD ͑coupled cluster singles and doubles͒ calculations provide a reliable nonrelativistic estimate for the dynamic electron correlation contribution to the selenium shielding tensor in CSe 2 . 17 The result for Se , 1596.5 ppm, is markedly below the CAS and MP2 results, indicating that both these wave functions suffer from a significant overestimation of the correlation contribution. The same effect causes underestimation of ⌬ Se .
There appears to exist a relativistic contribution of about ϩ300 ppm ͑Ref. 59͒ to the Se nuclear magnetic shielding constant. Combining the chemical shifts ␦ Se ϭϪ299.8 ppm ͑in the current sign convention͒ in the liquid state, 60 and ␦ Se ϭϪ243 ppm in the gas state, 63 with the estimate of 2069 ppm ͑liquid͒ for the absolute Se shielding of the ͑CH 3 ) 2 Se reference molecule, 59 leads to experimental values for Se of 1769.2 ppm ͑liquid͒ and 1826 ppm ͑gas͒ in CSe 2 . MP2 and CAS give fortuitously good agreement with experiment, as the neglect of relativistic effects cancels the error introduced by the inadequate description of dynamical correlation. There is no such cancellation for the anisotropy, as the core contribution -which is most influenced by relativistic effects -to the elements of the shielding tensor almost cancels out in this observable. The non-relativistic CCSD calculation 17 results in a value for ⌬ Se which is within the error limits of the experiment. 54 The Se anisotropies calculated using DFT are in agreement with experiment for all functionals. The isotropic DFT values are rather much below the corresponding CAS or MP2 results and are within 100 ppm of the CCSD value. The DFT Se thus seem to be good non-relativistic estimates. There may, however, exist a systematic downfield error in the DFT shieldings computed with the present functionals. 43, 64 The data available for the ratio of the two shielding anisotropies in CSe 2 is based on either relaxation studies 61 or using liquid crystal solvents. 54 While the present CAS ratio is almost within the error limits obtained by the latter method, there is an apparent disagreement with the results obtained with the relaxation method. 61 The DFT values are on the other hand in excellent agreement with the liquid crystal experiment and not too far off the relaxation result.
Table III also shows the result of a test calculation using BPW91 and a larger AO basis set for Se. It is evident that the shielding properties are already converged in the smaller basis set used in all other calculations here: the changes are less than 0.3% in all parameters.
B. Rovibrational contributions
The calculated isotropic shielding derivatives and the derivatives of ⌬ are shown in Table IV length dependence of nuclear shielding. The ratio between the present HF and the correlated results is about two for all first and second derivatives of both the isotropic shielding constants and the anisotropies. DFT leads to results qualitatively similar to those of the correlated wave function methods. All DFT derivatives are located between the HF and CAS ones, being closer to the latter. BPW91 is, again, closest to the CAS results. In remaining parts of this work, the CAS and BPW91 first and second derivatives of the shielding constants will be used to estimate the isotope and temperature effects.
The result of the LDA equilibrium geometry optimization is shown in Table V , where we display also the calculated harmonic and cubic anharmonic force field parameters together with the experimental r e geometry and harmonic force field. LDA gives good agreement with the experimental r CϭSe e , 56 giving bonds too short by only 0.003 Å. In the present work, the experimental geometry and harmonic part of the force field were used together with the theoretical anharmonic force constants and shielding derivatives to calculate the rovibrational corrections to the shielding tensor.
The resulting rovibrationally corrected shielding constants and anisotropies for the isotopomer 77 77 Se, respectively, at 300 K. The contributions from the different terms of the expansion in Eq. ͑3͒ are illustrated in Fig. 1 . At least for CSe 2 , the inclusion of both ͑a͒ the terms associated with the bond not directly attached to the observed nucleus and ͑b͒ the second order terms, particularly the bending term, are seen to be necessary in order to be able to account for the vibrational corrections. For the shielding anisotropies the vibrational corrections are approximately ϩ0.4% and ϩ2% of the corresponding ⌬ e C and ⌬ e Se , respectively. The bending modes are even more important than for , as they amount to Ϫ35% of the correction to ⌬ C . We note that these corrections lead to a quantitative agreement with the experimental Se and ⌬ Se when applied to the CCSD results of Bühl et al., 17 provided that the estimated relativistic contribution of 300 ppm is also added to Se .
The centrifugal displacements for the isotopomer 77 Seϭ It was pointed out in Ref.
19 that a deviation of the calculated and observed temperature dependencies of the shielding may be due to intermolecular interactions. The decreasing density of liquids with increasing temperature is normally expected to cause less intermolecular deshielding, i.e. positive d C /dT. However, this case is more complicated, as the intermolecular interactions appear to give a negative contribution of d C /dTϭϪ6.0Ϫ(Ϫ3.8)ϭϪ2.2 ppb/K. The magnitude of the discrepancy allows us to attribute it to specific interaction effects between CSe 2 and the liquid solvent.
The calculated d Se /dT values can be compared to the experimental results reported for H 2 Se and SeF 6 , 69 Ϫ250 and Ϫ2 ppb/K, respectively, and in particular that for Se ϭCϭO, Ϫ123 ppb/K, 72 all in the liquid phase. The temperature dependence of the centrifugal shielding contribution can Se at 300 K, calculated using the BPW91 shielding derivatives. The vibrational contributions linear in the derivatives r , r Ј , rr , r Ј r Ј , rr Ј , and ͑see Eq. ͑3͒͒, as well as the centrifugal contributions, are shown separately. The results for C are multiplied by 15. in some cases be more significant than that of the vibrational contribution, even though the latter greatly exceeds the former in significance at any fixed temperature. 23 For CSe 2 the rotational contributions account for about 10% of the total temperature dependence of both the C and Se . The dominating contributions were found to be the second order angular term ͑41% for C and 59% for Se obtained by using BPW91͒ and the first order vibrational terms ͑21% each for C , and 14% and 12% for Se from r Se and r Ј Se respectively, obtained with the BPW91 functional͒.
VI. EXPERIMENTAL RESULTS AND DISCUSSION
A. Isotope shifts at 300 K Se NMR spectra of CSe 2 are shown in Fig. 2 and the numerical values of the experimental isotope shifts are given in Table VI . The results agree well with the general features of isotope shifts: 7, 73 The replacement of a nucleus by its heavier isotope leads to an increase in the shielding of the neighboring nucleus and thus to a shift of the corresponding resonance towards lower frequency. Selenium shifts are larger than carbon shifts, which reflects the larger chemical shift range of the former element. The experiments confirm the linear dependence ͑additivity͒ of the isotope shifts upon the total mass of the molecule. The carbon shift increases by 0.56 ppb per atomic mass unit ͑u͒, while the two-bond selenium shift displays a corresponding average increase of 8.6 ppb/u. C͒ isotope shifts in a number of molecules including CSe 2 , Gombler 72 has indicated that the bond order plays an important role in the isotope shifts of Se; for example in CF 3 SeX compounds ͑single Se-C bond͒ the isotope shifts are between 170 and 254 ppb, whereas in SeϭCX and SeϭCR 2 ͑SeϭC double bond͒ molecules they range from 633 to 887 ppb and from 649 to 1099 ppb, respectively. Our 628 ppb for CSe 2 is of similar magnitude. Gombler 75 Se͒ of CSe 2 was found to be 1.1 ppb.
The theoretical isotope shifts are given in Table VI . The agreement between the experimental and theoretical results can be considered to be satisfactory in the carbon case and excellent in the selenium case. The calculated carbon onebond shifts are uniformly overestimated. The Se shifts are only very slightly overestimated ͑underestimated͒ using BPW91 ͑CAS͒ shielding derivatives, the average deviation from the experimental points being ϩ2% (Ϫ8%͒.
The lack of quantitative agreement between the present theoretical and experimental results for 13 C may be due to various reasons. Relativistic contributions should be small in the case of isotope shifts which involve differences of the absolute shieldings resulting from changes in molecular vibrations ͑see also Refs. 16 and 48͒. The possible solvent effects are largely similar for different isotopomers of a molecule, and are not likely to cause the discrepancy. The oneelectron basis set was found to be converged in the calculated equilibrium quantities, and we assume the same to hold also for the shielding derivatives. Consequently, we attribute the deviation to the electron correlation treatment. It is, however, difficult to improve upon the present procedure by using larger MCHF expansions, due to the rapidly increasing number of Slater determinants in the wave function with larger active spaces.
B. Contributions to the isotope shift
The different theoretical contributions ͑calculated by using the BPW91 shielding derivatives͒ to the isotope shift 1 ⌬ Se͒, i.e. to the interval between the two most prominent lines in the 13 C spectrum, the E and D lines, at 300 K and 400 K are illustrated in Fig. 3 77 Se spectrum, are shown in Fig. 4 . The first order terms cover 72%, 74% and 58% of the total carbon E -D, selenium E -D and selenium EЈ -E line splittings at 300 K, respectively. This indicates that it is essential to take the second order terms into account, 24, 77 even though their contribution in the isotope shifts ͑differences in the rovibrational Se spectrum of CSe 2 at 300 K and 400 K, calculated using the BPW91 shielding derivatives. For the symbols, see the caption of Fig. 1 . In both cases the centrifugal contribution is less than 1% of the total isotope shift at 300 K.
corrections to the shieldings͒ is smaller than in the rovibrational corrections themselves. The main contributions to the carbon and selenium E -D splittings arise from changes in the motions of the bond in which the isotopic substitution is made, irrespective of whether the observed nucleus belongs to this bond or not. This is due to the fact that the shielding derivatives r C and r Ј C are exactly equal and the derivatives r Se and r Ј Se are roughly equal ͑see Table IV͒ . The latter result is somewhat surprising, as it means that the effect of change in the bond not directly attached to the observed nucleus may be as important as that in the directly attached bond, contrary to what has been frequently assumed. 23 As the isotopic substitution of XЈ in XAXЈ changes the average value of the AXЈ bond length (͗rЈ͘) much more than that of the AX bond length (͗r͘), the change of the term r Ј ͗⌬rЈ͘ is much larger than the change of r ͗⌬r͘ ͑see Eq.
͑3͒͒. On the other hand, the substitution of A in XAXЈ leads to similar changes in ͗r͘ and ͗rЈ͘ and therefore to similar contributions in r ͗⌬r͘ and r Ј ͗⌬rЈ͘. C͒ ϵ⌬Se E Ј -E , are displayed in Fig. 5 . It is found that all these splittings decrease linearly with temperature. Their experimental temperature derivatives are d⌬C E-D /dTϭϪ0.002 ppb/K, d⌬Se E-D /dT ϭϪ0.040 ppb/K, and d⌬Se E Ј -E /dTϭϪ0.80 ppb/K. The corresponding theoretical BPW91 ͑CAS͒ derivatives are Ϫ0.0042(Ϫ0.0041),Ϫ0.043(Ϫ0.037), and Ϫ0.76(Ϫ0.71) ppb/K in the same ordering. A behavior similar to that observed for the shielding constants and isotope shifts is apparent here: the theoretical values for the carbon are overestimated by a factor of approximately 2 while those for selenium are in good agreement with the experimental results.
Gombler 72 Cl͒ in CH 3 Cl. The calculations underestimated the experimental slope of Ϫ0.013 ppb/K by about 30%.
VII. CONCLUSIONS
A thorough theoretical and experimental study of the nuclear magnetic shielding of 13 C and 77 Se in carbon diselenide has been made. The 13 C and 77 Se shielding constants and anisotropies as well as all their first and second derivatives with respect to the internal displacement coordinates have been calculated by several first principles theories. In addition, the molecular geometry and all harmonic and cubic anharmonic force constants have been calculated. Combining the theoretical shielding derivatives and cubic anharmonic force constants with an experimental harmonic force field, the vibrational and centrifugal contributions to the shielding constants and anisotropies have been worked out. The temperature dependencies of the shielding constants, the isotope shifts and the temperature dependencies of the isotope shifts have been calculated and compared with the experimental results.
There is good agreement between the theoretical and experimental results for 77 Se. The agreement is not quite as satisfactory for the ͑anomalously small͒ shielding constant of 13 C and its rovibrational corrections: the theoretical results overestimate the shielding constant, the isotope shifts and their temperature dependencies ͑and underestimates the temperature dependence of the shielding͒ by a factor of approximately 2. This is probably due to remaining higher order electron correlation contributions. The best DFT functional, BPW91, gives results with an accuracy comparable to that of multiconfigurational Hartree-Fock methods at significantly lower computational effort.
It is noteworthy that none of the first and second order terms in the rovibrational contributions to the shielding constants can be safely neglected, contrary to what has been usually assumed. In particular, the first order isotope effect due to change in the bond not directly attached to the observed nucleus is very important. Also the second order terms, including the bending and even the cross terms, are essential for the isotope shifts. The centrifugal contributions to the isotope shifts are small, but they account for about 10% of the temperature dependence of the shielding constants.
